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ABSTRACT
We use cosmologicalN -body simulations from the Aquarius Project to study the
tidal effects of a dark matter halo on the shape and orientation of its substructure.
Although tides are often assumed to enhance asphericity and to stretch subhaloes
tangentially, these effects are short lived: as in earlier work, we find that subhaloes
affected by tides become substantially more spherical and show a strong radial
alignment toward the centre of the host halo. These results, combined with a
semi-analytic model of galaxy formation, may be used to assess the effect of
Galactic tides on the observed population of dwarf spheroidal (dSph) satellites of
the Milky Way and Andromeda galaxies. If, as the model suggests, the relatively
low dark matter content of luminous dSphs such as Fornax and Leo I is due to
tidal stripping, then their gravitational potential must be substantially more
spherical than that of more heavily dark matter-dominated systems such as
Draco or Carina. The model also predicts a tidally-induced statistical excess
of satellites whose major axis aligns with the direction to the central galaxy. We
find tantalizing evidence of this in the M31 satellite population, which suggests
that tides may have played an important role in its evolution.
Key words: cosmology: dark matter – galaxies: formation – galaxies: evolution
– galaxies: dwarf – Galaxy: halo – methods: numerical.
1 INTRODUCTION
The dwarf spheroidal (dSph) galaxies around the Milky
Way (MW) are important testbeds of current mod-
els of galaxy formation and cosmology. Their mass-to-
light ratios vary from ∼ 10 to ∼ 1000 (Mateo 1998;
Gilmore et al. 2007; Walker 2013), implying that the
gravitational potential felt by stars in many of these
galaxies—and thus their internal dynamics—is domi-
nated by dark, rather than baryonic, matter. Line-of-
sight (LOS) velocities of individual stars in dSphs can
therefore be used to place useful constraints on the struc-
ture of their dark matter haloes (e.g., Kleyna et al. 2002;
Walker et al. 2007; Mateo, Olszewski & Walker 2008;
Battaglia, Helmi & Breddels 2013).
The interpretation of radial velocity data, however,
is sensitive to assumptions, such as spherical symme-
try, that are often used but difficult to verify or jus-
tify. Hayashi & Chiba (2012), for example, have argued
that the enclosed mass within 300 pc inferred from LOS
velocity data can vary by up to a factor of ten when
the assumption of spherical symmetry is lifted. Fur-
thermore, the distribution of stars in many dSphs is
clearly non-spherical (e.g., Irwin & Hatzidimitriou 1995;
Martin, de Jong & Rix 2008), and they are expected
to inhabit dark matter haloes whose shapes are pre-
dicted to be strongly triaxial, at least in the current
paradigm for structure formation, ΛCDM (Frenk et al.
1988; Dubinski & Carlberg 1991; Jing & Suto 2002;
Hayashi, Navarro & Springel 2007; Vera-Ciro et al. 2011;
Allgood et al. 2006; Kuhlen, Diemand & Madau 2007;
Schneider, Frenk & Cole 2012). Although substructure
haloes have been found to be less triaxial than field haloes
of comparable mass (Kuhlen, Diemand & Madau 2007;
Pereira, Bryan & Gill 2008; Vera-Ciro et al. 2014), these
departures from sphericity may still substantially affect
the model results. Constraining the shape of the gravi-
tational potential of dSph haloes thus seems crucial to
furthering our understanding of these faint systems.
If dSph potentials are indeed triaxial, LOS veloc-
ity studies will also be sensitive to the orientation of
dSph haloes with respect to the line of sight. While a
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random distribution might be naively expected, numer-
ical simulations have consistently indicated that sub-
structure haloes (or “subhaloes”, the presumed hosts
of dSph satellites) align so that their major axes
tend to point to the centre of the main halo (e.g.,
Kuhlen, Diemand & Madau 2007; Faltenbacher et al.
2008; Knebe et al. 2008, 2010; Pereira, Bryan & Gill
2008; Pereira & Bryan 2010; Vera-Ciro et al. 2014).
A number of scenarios have been proposed in the
literature to explain this alignment. A primordial origin
in which haloes are tidally torqued by the surrounding
large-scale tidal field seems implausible, for in that case
the alignment would be strongest in the outskirts of the
main system, something that is not observed. More re-
cently, Pereira & Kuhn (2005) have proposed that the
tidal interactions between satellites and their host sys-
tems may be the culprit. The exact mechanism, however,
is still debated. Some studies (e.g., Pereira, Bryan & Gill
2008; Pereira & Bryan 2010; Knebe et al. 2010) have sug-
gested that tidal torquing by the host halo is the main
cause, while others (e.g., Kuhlen, Diemand & Madau
2007) have proposed that the alignment may be due to
stretching along the direction of (highly eccentric) orbits
as a result of tidal stripping.
Interestingly, radial alignments have also been re-
ported in galaxy clusters and groups (Hawley & Peebles
1975; Djorgovski 1983; Pereira & Kuhn 2005;
Agustsson & Brainerd 2006; Faltenbacher et al. 2007),
although it is still unclear whether there is quantitative
agreement between the magnitude of the predicted
and observed effects (e.g., Bernstein & Norberg
2002; Adami et al. 2009; Hung & Ebeling 2012;
Schneider et al. 2013; Sifo´n et al. 2014). Such in-
trinsic alignments may also affect the calibration of
weak lensing surveys, which often assume that galaxies
are randomly oriented in space (Smith et al. 2001;
McKay et al. 2001). For example, Schneider et al. (2013)
estimate that intrinsic alignments between galaxy group
members may contribute a systematic uncertainty of up
to 20 per cent in the mean differential projected surface
mass density inferred for those systems. A thorough
understanding of the physical origin of the alignment
seems needed in order to assess the importance of this
bias in the interpretation of observations.
We address these issues here using cosmological sim-
ulations of the formation of Milky Way-sized dark matter
haloes from the Aquarius Project (Springel et al. 2008).
Our study builds upon the earlier studies cited above but
extends them in several respects. Rather than analyzing
the properties of the subhalo population at large, we fo-
cus on those subhaloes that, according to a semi-analytic
model of galaxy formation, are likely hosts of the “clas-
sical” (i.e., MV < −8) dSph population of the Milky
Way. This specific focus is important since the majority
of subhaloes are expected to be dark and might therefore
have properties different from those that harbour lumi-
nous satellites. Our study also differs from earlier work
because we measure the shape of the gravitational poten-
tial (rather than that of the mass distribution) at radii
comparable to the typical half-light radii of dSphs, where
stars are found. This allows our results to be directly ap-
plied to dynamical models of observed dSphs with little
extrapolation.
One shortcoming of our analysis is that it is based
on dark matter-only simulations, and thus neglects
the effects that baryons may have on the mass pro-
file and the shape of galaxies and their haloes (e.g.,
Navarro, Eke & Frenk 1996; Read & Gilmore 2005;
Mashchenko, Wadsley & Couchman 2008; Knebe et al.
2010; Kazantzidis, Abadi & Navarro 2010; Abadi et al.
2010; Pen˜arrubia et al. 2012; Pontzen & Governato
2012; Zolotov et al. 2012; Garrison-Kimmel et al.
2013; Arraki et al. 2014; Brooks & Zolotov 2014;
Di Cintio et al. 2014). Although we expect that these
effects should be modest in dark matter-dominated sys-
tems such as dSphs, this is clearly an issue that should
be revisited once realistic hydrodynamical simulations of
the formation of faint satellite systems in a cosmological
context become possible.
This paper is organised as follows. In Section 2 we de-
scribe the numerical simulations and semi-analytic model
used to identify luminous satellites around MW-sized
haloes. Our potential-fitting method is described and
tested for numerical convergence in Section 3. In Sec-
tion 4 we show results from our shape measurements,
while we discuss the radial alignment of dSph haloes and
compare our alignment results with observational data
for M31 satellites in Section 5. We conclude with a brief
summary in Section 6.
2 THE NUMERICAL SIMULATIONS
Our analysis uses the Aquarius Project, a suite of N-
body cosmological simulations of the formation of Milky
Way-sized haloes in a ΛCDM universe (Springel et al.
2008). These state-of-the-art simulations follow the evo-
lution of six dark matter haloes with virial1 masses in
the range 0.8-1.8 × 1012M⊙. The six haloes are named
’Aq-A’ through ’Aq-F’ (although we exclude Aq-F from
this work due to a recent major merger which is not
thought to be representative of the formation of the
MW), suffixed with various resolution levels ranging from
1 (highest; particle mass mp ∼ 103M⊙) to 5 (lowest;
mp ∼ 106M⊙). These simulations adopt a “standard”
ΛCDM cosmogony, with the same parameters as the Mil-
lennium Simulation (Springel et al. 2005): ΩM = 0.25,
ΩΛ = 0.75, h = 0.73, n = 1, and σ8 = 0.9.
Subhaloes of at least 20 particles were identified in
each of the main haloes using SUBFIND (Springel et al.
2001), a recursive algorithm that locates gravitationally
bound overdensities within groups of particles identified
by a friends-of-friends (FoF) groupfinder (Davis et al.
1985). For further details we refer the reader to
Springel et al. (2008).
In order to identify subhaloes that are likely to
contain dSph galaxies, we use a semi-analytic model
1 We define the virial mass, M200, of a halo as that enclosed
by a sphere of mean density 200 times the critical density of
the Universe, ρcrit = 3H
2/8piG. Virial quantities are defined
at that radius, and identified by a 200 subscript.
c© 2014 RAS, MNRAS 000, 1–16
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Figure 1. Isopotential contours measured for two subhaloes selected from the Aq-A halo. Top left panel: Projected density plot of
Aq-A-4. The red and cyan circles indicate the positions of the two subhaloes chosen for illustration. Top right panel: Gravitational
potential as a function of radius measured along 100 isotropic directions from the centre of each subhalo. Bottom panels: Ellipsoidal
fits (black ellipses) to isopotential contours superimposed on a 2D slice of their gravitational potentials, in the diagonal frame
of each subhalo. The x and z coordinates are aligned with the major and minor axis, respectively. The depth of the potential
increases from blue to red.
grafted onto the N-body simulation, as described by
Starkenburg et al. (2013). The model includes prescrip-
tions for star formation, gas cooling, as well as gas heating
and ejection via supernova feedback. Also included is the
interaction between a satellite and its host, such as stel-
lar and gas stripping due to interactions with the host’s
tidal field, as well as ram pressure stripping of hot gas
upon accretion.
Unless otherwise specified we use the level-2 version
of the Aquarius simulations, which have a particle mass
of ∼ 104M⊙ and a Plummer-equivalent force resolution
of ∼ 66 pc. Only systems with at least 700 particles are
retained for analysis, in order to ensure numerical con-
vergence (see Section 3.2).
3 ANALYSIS
3.1 Potential-fitting method
Most previous studies have chosen to measure halo
shapes by fitting triaxial ellipsoids to the moment of
inertia tensor, which is closely related to the den-
sity of the system (e.g., Kuhlen, Diemand & Madau
2007; Knebe et al. 2010; Vera-Ciro et al. 2014). One
disadvantage of this approach is that isodensity con-
tours are often far from ellipsoidal due to the pres-
ence of substructure (Springel, White & Hernquist 2004;
Hayashi, Navarro & Springel 2007).
The gravitational potential, on the other hand, is
much less sensitive to local density variations since its
value at a particular point depends on the inner and outer
mass profile of the whole halo. As a consequence, isopo-
c© 2014 RAS, MNRAS 000, 1–16
4 C. Barber et al.
tential contours are much smoother and better approx-
imated by ellipsoids than isodensity contours. Further-
more, the dynamics of stars in dSph galaxies are domi-
nated not by the local density, but by the gravitational
potential of the dark matter halo. Thus the shape of the
potential, rather than the density, should be more rele-
vant to observations and this is therefore the approach
we take in this work. The technique we use to mea-
sure the gravitational potential of the Aquarius satel-
lite haloes follows that of Hayashi, Navarro & Springel
(2007), where the reader may find details and tests on
the method. We only outline briefly the basic procedure
here.
The centre of the halo is first identified as the min-
imum of the gravitational potential, computed by direct
summation over all bound particles given by SUBFIND2.
We then measure the potential along 100 isotropic radial
directions at 20 distances from the centre, logarithmi-
cally spaced in the range 0.07 to 14 kpc, to ensure that
the potential near the centre of the halo is well-sampled.
The shape of a given isopotential contour is then
found by fitting a 3D ellipsoid to the 100 points (inter-
polated along each ray) that match a specified potential
value. We find the directions of the major, intermedi-
ate, and minor axes by diagonalizing the inertia tensor of
these points, assuming that the centre of the ellipsoid lies
halfway between their minimum and maximum Cartesian
coordinate values. In the diagonal reference frame the el-
lipsoid axis lengths are computed by minimizing the de-
viations
S =
100∑
i=1
(
rˆi −
√
x2i + y
2
i + z
2
i
)2
(1)
from an ellipsoid with major, intermediate, and minor
axis lengths a, b, and c, respectively. Here rˆi is the nor-
malized radius of each isopotential point, defined by
x2i + y
2
i + z
2
i
rˆ2i
=
x2i
a2
+
y2i
b2
+
z2i
c2
. (2)
As in Hayashi, Navarro & Springel (2007), we minimize
S using a Newton-Raphson method to alternatingly find
the roots ∂S/∂a = 0, ∂S/∂b = 0, and ∂S/∂c = 0 until S
can not be minimized further. An illustration of the result
of our procedure is shown in Figure 1 for two subhaloes
selected from the Aq-A-4 halo: subhalo 1 is very elliptical;
subhalo 2 much less so. Ellipsoids are excellent fits to the
isopotential contours in these subhaloes.
3.2 Numerical Convergence
To investigate the shape of the potential in the central
regions of a halo, we need to understand the robustness
of our measured shapes as a function of radius. We have
therefore tested the convergence of our algorithm on the
Aq-A main halo at different resolution levels. Specifically,
2 We have explicitly checked that the exclusion of the host
halo only affects the measured shape of the potential beyond
the outer 2-3 kpc of typical luminous subhaloes that reside
within the virial radius of the main halo, well beyond the small
(< 1 kpc) radii pertinent to the main results of this paper.
we have explored whether the definition of “convergence
radius”, rconv, first proposed by Power et al. (2003) holds
for isopotential shapes. These authors show that halo
mass profiles fail to converge numerically in regions where
the local collisional relaxation timescale, trelax(r), is com-
parable to or shorter than the age of the Universe. Ex-
pressing trelax in units of the circular timescale at the
virial radius, tcirc(r200), we have
κ(r) ≡ trelax(r)
tcirc(r200)
=
N
8 lnN
r/Vc
r200/V200
=
√
200
8
N(r)
lnN(r)
(
ρ(r)
ρcrit
)−1/2 (3)
where N(r) is the number of particles within radius r,
ρcrit is the critical density of the Universe, and ρ(r) is the
mean density within r. The value of κ sets the level of
accuracy to which the circular velocity can be estimated
outside r
[κ]
conv: for example, κ = 1 identifies the innermost
radius, r
[1]
conv, where Vcirc(r) may be estimated to better
than 10%. Similarly, outside r
[7]
conv circular velocities con-
verge to better than 2.5% (Navarro et al. 2010).
We measure the shapes of isopotential contours in
the Aq-A main halo at resolutions 1 (highest) through 5
(lowest). The ratios b/a and c/a are shown as a function
of the ellipsoidal radius (abc)1/3 in Figure 2 (thick lines).
For reference, the axis ratios of isodensity contours of
the Aq-A-2 main halo, as measured by Vera-Ciro et al.
(2011), are plotted with dashed lines down to r
[7]
conv. As
expected, isopotential contours are more spherical than
the density at all radii.
Figure 2 also shows excellent convergence in the
shape measurements down to radii much smaller than the
region where the enclosed mass profile converges. Even
at r
[0.1]
conv (the smallest radii shown in thick line type in
Figure 2) shapes deviate by less than 5 per cent from the
highest resolution Aq-A-1 run. We ascribe this to the fact
that the potential is sensitive to the whole halo, rather
than just its inner mass distribution. We shall therefore
hereafter adopt r
[0.1]
conv as our fiducial convergence radius
when measuring gravitational potential shapes.
4 DWARF SUBHALO SHAPES
4.1 Shape vs mass
We begin by studying the dependence of the gravi-
tational potential shape on halo mass, in the regime
appropriate for dwarf galaxies; 107M⊙ <∼M200 <∼ 5 ×
109M⊙, or 4 km/s < Vmax < 35 km/s (see, e.g.,
Starkenburg et al. 2013; Barber et al. 2014). Here Vmax
is the maximum halo circular velocity (reached at ra-
dius rmax), a robust measure of halo mass that is less
sensitive to the definition of the outer boundary of a sub-
halo and to its location within the parent halo (see, e.g.,
Pen˜arrubia, Navarro & McConnachie 2008).
Figure 3 shows the axis ratios, measured at rmax, of
all dwarf galaxy haloes in the level-2 Aquarius runs, split
between subhaloes (i.e., haloes identified by SUBFIND
within the virial radius of the main halo) and isolated
“field” haloes (i.e., the central halo of each separate FoF
group beyond r200). The solid curves track the median of
c© 2014 RAS, MNRAS 000, 1–16
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Figure 2. Gravitational potential axis ratios for the Aq-A main halo at five different resolutions. The ratios between intermediate
and major axes (b/a) and minor and major axes (c/a) are shown in the left and right panels, respectively, as a function of the
ellipsoidal radius (abc)1/3. Residuals relative to the highest resolution run are shown in the bottom panels. Lines become thinner
inside our adopted convergence radius, r
[0.1]
conv. Dashed lines indicate the respective axis ratios for isodensity contours in Aq-A-2
taken from Vera-Ciro et al. (2011).
the distribution, whereas the dashed lines are simple fits
to the full field halo sample, reproduced in each panel for
ease of comparison.
The top-left panel of Figure 3 shows that field
haloes become less spherical with increasing mass, con-
firming prior results reported in the literature (see, e.g.,
Vera-Ciro et al. 2014, and references therein). At a given
Vmax, subhaloes are generally more spherical than field
haloes, a result that is especially clear for the c/a ratio
(compare the green bands in the top left and right panels
of Figure 3).
The bottom panels of the same figure show results
for a subsample of haloes deemed, according to the semi-
analytical model, to host relatively luminous satellites
(i.e., “classical” dSphs, defined by the condition MV <
−8). We shall hereafter refer to these as “luminous” or
“classical” haloes or subhaloes, respectively. As shown
in the bottom-left panel, luminous field haloes populate
preferentially the high-mass end of the distribution: no
field halo below Vmax ∼ 20 km/s hosts a satellite brighter
than MV = −8.
On the other hand, subhaloes that host classical
dwarfs differ systematically from their field counter-
parts in both Vmax and shape, as shown in the bottom-
right panel of Figure 3. Even low mass subhaloes (un-
der 20 km/s) host some of those satellites, a result
of tidal stripping. In addition, like all subhaloes, they
are substantially rounder than their field counterparts,
especially at the low Vmax end where tidal stripping
has been the strongest. This suggests a direct link be-
tween tides and the sphericalization of subhaloes, an
effect that has been hinted at in earlier work (e.g.
Kuhlen, Diemand & Madau 2007). We explore it further
below after checking first that our results are not unduly
sensitive to the radius chosen to measure shapes.
4.2 Radial dependence
Although rmax is a well-defined characteristic radius of
the dark matter profile, we would like to apply our shape
measurements to the innermost regions, typically well
within rmax, inhabited by the stellar component. We
therefore explore the radial dependence of our results in
Figure 4 for the case of luminous systems whose predicted
model luminosities are similar (within 0.5 mag) to For-
nax.
The red and blue lines indicate the median axis ratios
as a function of radius for this Fornax-like subpopulation
split between subhaloes and isolated haloes, respectively.
For isolated haloes (shown in blue) our results are con-
sistent with earlier work. Haloes are generally triaxial
near the centre, with b/a ∼ 0.8 and c/a ∼ 0.75, and
become gradually more spherical outwards, as expected
from the increasing monopole dominance in the outer re-
gions. The solid triangles indicate the shape-radius rela-
tion reported by Hayashi, Navarro & Springel (2007) for
isolated haloes, scaled to our mean value of rmax. The
agreement between their results and ours is remarkably
good.
Note as well that the red curves lie above the blue
curves at all radii, indicating that the conclusions of the
previous subsection are robust: subhaloes are more spher-
ical than isolated haloes regardless of where shapes are
measured. Finally, the same figure shows that our mea-
surements can be applied to radii comparable to the size
of the stellar component of dSphs: our fiducial conver-
c© 2014 RAS, MNRAS 000, 1–16
6 C. Barber et al.
Vmax [km/s]
a
xi
s 
ra
tio
s 
at
 r m
a
x
  
0.80
0.85
0.90
0.95
1.00
r > r200
N = 944
c/a
b/a
  
 
 
 
 
 
r < r200
N = 481
10 100
0.80
0.85
0.90
0.95
1.00
r > r200, MV < −8
N = 121
10 100
 
 
 
 
 
r < r200, MV < −8
N = 107
Figure 3. Axis ratios as a function of maximum circular velocity for various haloes in the mass range corresponding to dwarf
galaxies. The left and right columns show haloes in the field (i.e., outside the virial radius, r > r200) and subhaloes of the main
halo (r < r200), respectively. The bottom rows correspond to systems with luminous components brighter than MV = −8. b/a
and c/a are shown in yellow and green respectively. Solid lines indicate running medians while filled areas indicate the 1σ scatter.
Overlapping regions are coloured in yellow-green. Fits to the axis ratios in the top left panel are reproduced in all other panels for
reference.
gence radius, r
[0.1]
conv ∼ 160 pc, is well within the ∼ 700 pc
half-light radius of dwarfs like Fornax.
4.3 Shape vs tidal stripping
The results of the previous subsections strongly suggest
that haloes become more spherical as they lose mass to
tidal stripping. This is somewhat counterintuitive, since
elongated shapes are one of the signature features of
tidal interactions. Those features, however, occur during
a short-lived phase just after a galaxy has gone past the
pericentre of its orbit, where the tides are strongest. Once
the tails of escaping particles have moved off, the bound
remnant quickly relaxes to equilibrium and settles into a
less triaxial configuration. At apocentre, where a galaxy
spends most of its evolution, little evidence of the tidal
interaction typically remains in the vicinity of the bound
remnant (see, e.g., Pen˜arrubia, Navarro & McConnachie
2008, for details).
We show the effect of tidal stripping on shapes more
c© 2014 RAS, MNRAS 000, 1–16
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(2007) for isolated halo resimulations, for reference. Shaded
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explicitly in the bottom two panels of Figure 5. Here we
plot the axis ratios, measured at a fiducial radius of 800
pc, for all haloes likely to host “classical” dwarfs, as a
function of the degree to which they have been stripped.
The latter is estimated from Vmax/Vpmax, the ratio be-
tween its current maximum circular velocity and the peak
value it achieved in the past.
This ratio is a sensitive measure of tidal mass
loss for ΛCDM haloes, which are well approxi-
mated by the Navarro-Frenk-White profile (hereafter
NFW, Navarro, Frenk & White 1996, 1997). Only haloes
severely affected by tides see a noticeable reduction in
Vmax: a halo that has lost 90% of its original mass sees
its Vmax reduced, on average, to ∼ 70% of its origi-
nal value. A rough conversion between the remaining
bound mass fraction (fbound) and Vmax/Vpmax is pro-
vided by the scale on the top axis of Figure 5 (see
Pen˜arrubia, Navarro & McConnachie 2008, for more de-
tails).
The top panel of Figure 5 shows clearly that the
“classical” subhalo population (in red) is more heavily
stripped than their counterpart haloes found at present
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Figure 5. The ratio, Vmax/Vpmax, between maximum circular
velocity at z = 0 and its peak value in the past is used as
a measure of the importance of tidal stripping (x-axis). The
scale on top shows the corresponding mass fraction retained by
the bound remnant. Top panel: Distribution of Vmax/Vpmax
for all 228 “classical” (i.e., MV < −8) haloes in our sample.
Systems inside and outside the virial radius are shown in red
and blue, respectively. Middle and bottom panels: Axis ratios
measured at 800 pc as a function of stripping. Black lines
indicate running medians.
outside3 the virial radius (in blue). Heavy stripping leads
to strong sphericalization; indeed, haloes that have lost
more than 90% of their mass are essentially spherical,
with median b/a and c/a exceeding ∼ 0.95. On the other
hand, subhaloes that have not been stripped substan-
tially are as triaxial as their isolated counterparts. This
confirms that being a subhalo is not sufficient to ensure
sphericalization; heavy tidal stripping seems needed in
order to prompt a significant change in shape.
4.4 Implications for MW satellites
The results mentioned above have interesting implica-
tions for the Milky Way dSph satellites, where, except
for Sagittarius, it has been difficult to reach unambiguous
conclusions regarding the importance of Galactic tides on
3 Note that being outside the virial radius does not necessarily
imply that a halo has been unaffected by tides. Indeed, many
haloes in the outskirts, e.g., 1 < r/r200 < 2, are on highly-
energetic orbits and have already been inside the halo virial
boundary (see, e.g., Barber et al. 2014, for details and further
references)
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Figure 6. Axis ratios of subhaloes with luminosities matching (±0.5 mag in V ) that of six Milky Way dSphs, shown as a function
of the total mass enclosed within 300 pc. Axis ratios are measured at the half-light radius of each MW dwarf, as indicated in the
legends. b/a and c/a are shown in orange and green respectively. Solid lines indicate running medians while filled areas indicate
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their structure and evolution. A heavily stripped satel-
lite should be nearly spherical, but it would also be less
massive, on average, than a system of similar luminos-
ity that has evolved unaffected by tides—mass stripping
should affect first and foremost the outer, mainly dark
component. In other words, the potential of systems that
are more luminous than expected given their total dark
mass should be nearly spherical if their dark matter con-
tent has been depleted by tides.
We apply this idea to six MW satellites in Figure 6,
where we plot M300, the mass enclosed within 300 pc,
versus axis ratios for all haloes and subhaloes with lumi-
c© 2014 RAS, MNRAS 000, 1–16
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θ
v
α
Figure 7. Schematic illustration of the angle definitions used
in Section 5. The black filled circle indicates the centre of the
main halo, while the instantaneous direction of the subhalo
velocity is shown as an arrow. The subhalo trajectory in the
orbital plane is shown by the dotted curve. The figure assumes,
for simplicity, that the major axis of the subhalo lies on the
plane of the orbit.
nosities comparable to Draco, Carina, Sextans, Sculptor,
Leo I and Fornax, respectively, at z = 0 as determined
by our semi-analytic model. Estimates of M300 are taken
for all of these dwarfs from Strigari et al. (2008), and
are shown by the shaded areas in Figure 6 (Note that
these values assume spherical symmetry in the dark mat-
ter haloes whereas we predict haloes to be triaxial in na-
ture; however they should be sufficiently accurate for this
qualitative analysis; see also Hayashi & Chiba 2012). The
M300 dependence of the potential shapes is very similar
to that shown in Figure 3. This is expected if, to first
order, satellites of given luminosity formed in haloes of
similar mass (and therefore similar M300) that have sub-
sequently been stripped to various degrees.
Take, for example, Fornax, one of the most lumi-
nous of the classical dSphs but also one where, given
its relatively low mass-to-light ratio, dark matter is less
prevalent than in others. Because of its luminosity, the
semi-analytic model assigns most Fornax analogues to
relatively massive haloes4. Such haloes, if unaffected by
tides, would have masses of order 4 × 107M⊙ within
300 pc, greatly exceeding the estimate of Strigari et al.
(2008) (see bottom-right panel of Figure 6). Only heavily-
stripped (and therefore essentially spherical) subhaloes
would be consistent with this semi-analytic model of For-
nax, a result that may help to resolve the “too-big-to-
fail problem” of Boylan-Kolchin, Bullock & Kaplinghat
(2011). Constraints on the shape of the potential of For-
nax would therefore be invaluable to assess the validity
of our semi-analytic approach.
At the other extreme, Draco is a faint dSph with
a large mass-to-light ratio that is easily accommodated
in the model if tidal stripping has been, at most, mod-
est (see top-left panel of Figure 6). In that case, our
model predicts that Draco’s potential should be signifi-
4 Recall that the semi-analytical model takes into account
stellar stripping as well as the stripping of the dark matter
halo, so some Fornax analogues could have been much brighter
than Fornax at earlier times
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Figure 8. Distribution of the cosine of the angle between
the major axis of a halo/subhalo and the direction to the cen-
tre of the main halo, for all “classical” (MV < −8) haloes.
Subhaloes (r < r200) and field haloes (r > r200) are shown
in the top and bottom panels, respectively. The major axis
direction is measured at three different radii from the centre
of each system: 400, 800, and 1600 pc. The corresponding dis-
tributions are shown as solid, dotted, and dashed histograms,
respectively. Note the clear radial alignment of the subhaloes.
Field haloes, on the other hand, are consistent with a uniform
distribution (random orientation). The KS probability of the
distribution (at 800 pc) compared with random orientations
is listed in the legends.
cantly triaxial. The same procedure suggests that Sextans
and Sculptor should inhabit heavily stripped—and thus
nearly spherical—subhaloes, whereas Carina and Leo I
should be relatively unaffected by tides and hence triax-
ial. We plan to explore the consistency of this prediction
with a wider array of independent constraints in a future
contribution.
5 ORIENTATION OF DWARF GALAXY
SATELLITES
Although tidal stripping renders subhaloes more spheri-
cal, it is important to note that many of them have been
only modestly affected, so that the orientation of their
principal axes is still well defined. As discussed in Sec. 1,
earlier work has reported a significant alignment between
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the major axis of a subhalo and the radial direction to
the main halo. We extend this work here by focusing on
the innermost regions of the halo, where the luminous
component of the galaxy is expected to reside. Our simu-
lations also allow us to shed some light into the origin of
such alignment and to make predictions for the satellite
population of a galaxy like M31 that can be contrasted
directly with observations.
5.1 Subhalo radial alignment
If subhaloes were oriented randomly, the distribution of
the cosine of the angle, θ, between its major axis and the
direction to the centre of the main halo (see Figure 7),
should be uniform. This is indeed the case for “isolated”
haloes identified outside the virial radius, but not so for
subhaloes, as shown by the bottom and top panels of
Figure 8, respectively.
We include in this figure all systems deemed to host
a “classical” dSph and whose intermediate-to-major axis
ratio does not exceed 0.95. We have carefully tested on
artificially flattened systems that only in such systems is
the major axis direction accurately determined. We have
also explicitly checked that orientations are insensitive to
the precise subset of particles used to compute the poten-
tial: re-measuring potentials using only particles within
0.5, 1, or 2 rmax yields indistinguishable results to those
obtained using all particles identified by SUBFIND.
The top panel of Figure 8 shows the distribution of
| cos(θ)| for major axis orientations measured at 400, 800,
and 1600 pc from the centre of “classical” subhaloes (43
in total for all Aquarius runs). The distribution is clearly
non-uniform and shows a strong preference for the major
axis to align with the radial direction, in agreement with
earlier work. A KS test reveals this distribution is sig-
nificantly different from uniform with a p-value (pKS) of
0.0012. The results are insensitive to where the potential
is measured, implying that that the principal axis direc-
tions are internally well aligned. On the other hand, there
is no discernible alignment for “isolated” haloes (bottom
panel of Figure 8, pKS = 0.50). We conclude that the ra-
dial alignment of subhaloes is a result of the tidal forces
exerted on them by their host galaxy.
5.2 Alignment origin
We investigate the origin of the alignment seen in the
top panel of Figure 8 by tracking each of the 43 sub-
haloes back in time in order to pinpoint when and where
a subhalo becomes aligned.
If tidal deformation/stripping is the main cause of
the alignment, then subhaloes would be stretched mainly
along their orbits, an effect that may produce a radial
alignment for very eccentric orbits. Such orbital stretch-
ing should yield a detectable preference for the instan-
taneous major axis direction to align with the orbital
velocity. We explore this by monitoring the evolution of
the angle α between those two directions (see Figure 7)
as a function of time for each of the 43 classical sub-
haloes. A value | cos(α)| = 1 throughout the orbit would
mean that the longest axis of the subhalo is along its or-
bit, and would be the signature of this tidal deformation
mechanism.
Alternatively, the alignment might be the result of
tidal torquing, which, regardless of orientation, tries at
all times to “twist” the principal axis of a subhalo and
align it with the (radial) direction of the tidal force. In
this “tidal locking” scenario one would expect the radial
alignment to persist during the orbit (i.e. | cos(θ) = 1|),
regardless of its phase.
We explore these two alternatives in the case of a
classical subhalo that, by z = 0, has been able to com-
plete three full orbits and has therefore been substantially
affected by tides. Because of its long exposure to the tidal
field and its substantial (∼ 80%) mass loss this subhalo
represents an ideal test of the two scenarios proposed
above. We show this example in Figure 9.
The left panel of this figure shows, from top to bot-
tom, respectively, | cos(θ)|; | cos(α)|; the distance from
the main halo centre; the axis ratios measured at 800 pc;
and the degree of tidal stripping. Various characteristic
moments in the satellite’s orbit are indicated by vertical
lines. Apocentric and pericentric passages are defined as
An and Pn respectively, where n = 1, 2, 3 correspond to
the first, second, and third passages, respectively. In the
right panel we plot the orbit of the satellite projected
onto its orbital plane at z = 0. Pericentric and apocen-
tric passages are marked with coloured dots matching the
colours of the vertical lines of the left panel.
Two different stages may be identified in the subhalo
alignment process. During its first orbit (from P1 to P2)
the subhalo is not aligned radially, but rather with the or-
bital direction (i.e., | cos(α)| ≈ 1). This is consistent with
the tidal stretching scenario discussed above, and seems
to hold during first approach, before any substantial mass
loss due to tides occurs.
The situation, however, changes abruptly after the
second pericentre (P2), where the subhalo undergoes sud-
den and substantial mass loss. After P2 the halo remains
radially aligned during most of its orbit, as expected in
the tidal locking scenario described above, except during
its next pericentric passage, when it aligns briefly with
the tangential direction. This is suggestive of a resonance
between the radial orbital period and the figure rotation
of the subhalo, which lends further support to the tidal
locking scenario.
In this interpretation, the subhalo figure rotation is
largely tidally-induced and adjusts to the orbital period
so as to minimize the torque, which essentially vanishes
when θ is either 0 or 90 degrees. By adjusting its fig-
ure rotation so as to be radially aligned at apocentre and
tangentially aligned at pericentre, the subhalo settles into
an orbit where the torque is minimized at both pericen-
ter and apocenter. Note that the torque would also be
minimized if the subhalo remained radially aligned at all
times, but this would require it to rotate twice as fast; the
torque is apparently not strong enough for that, leading
the subhalo to settle into a lower order resonance.
This particular example suggests that both the tidal
stretching and tidal locking scenarios might hold to some
extent, but perhaps during different phases of a subhalo’s
orbit. We can test this further by measuring the subhalo
c© 2014 RAS, MNRAS 000, 1–16
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Figure 9. Evolution of a subhalo that is radially aligned at z = 0. The left panels show, as a function of time, the evolution of
several parameters that measure, from top to bottom: radial alignment; orbital stretching; distance to main halo centre; axis ratios
at 800 pc; and degree of stripping since infall, respectively. The solid red line in the middle panel is the evolving virial radius of the
main halo. Vertical lines indicate characteristic times in the orbit; pericentres and apocentres are dashed and dotted, respectively.
The right panel shows the orbit of this subhalo from t = 4 Gyr until z = 0, projected onto the orbital plane at z = 0. Black dots
and lines indicate the direction of the subhalo’s major axis projected onto the plane of the orbit. Each coloured dot corresponds
to the time indicated by the vertical line of the same colour in the left panels. Arrows indicate the subhalo’s direction of motion.
The red circle indicates the virial radius of the main halo at z = 0.
alignment not at a given time, but at fixed orbital phase;
for example, at different pericentric and apocentric pas-
sages. We show this in Figure 10, where we plot the dis-
tribution of | cos(θ)| at the first three pericentres (left
column) and apocentres (right column). (Note that at
apocentre/pericentre α and θ are complementary, so the
distribution of | cos(θ)| fully characterizes that of | cos(α)|
and vice-versa.)
If tidal stretching were important then we would ex-
pect the distributions to peak at | cos(θ)| = 0 at apocen-
tric and pericentric passages but there is little evidence
for that in Figure 10. On the other hand, in the tidal lock-
ing scenario the alignment should first become evident at
A2 and persist at later apocentric passages, whilst van-
ishing at P2 and subsequent pericentres. The alignment is
clearly evident and significant only at A2 and at A3, but
there is little evidence for significant departures from ran-
dom orientation at other times (the legends in each panel
of Figure 10 express the KS statistic comparing each dis-
tribution to a uniform one.) The data in Figure 10 seem
to strongly favour tidal locking as the origin of the radial
alignment. Indeed, we have investigated in detail the 27
subhaloes that complete at least two apocentric passages,
finding that 14 of them are clearly tidally locked (mean-
ing that the average | cos(θ)| > 0.8 over at least one full
orbit), except for short dips at pericentres.
Our results are therefore consistent with the idea
that tidal torques operating on a subhalo act to “spin
up” (or down) its figure rotation so as to lock it into a
resonance with its orbital period. The process takes some
time, however, and alignments become apparent only for
systems that have completed at least one full orbit. This
interpretation also implies that tidal locking should oper-
ate more effectively in systems with slow figure rotation,
which would be easier to spin up.
Indeed, subhaloes whose patterns rotate too rapidly,
or perhaps even counter-rotate relative to their orbits,
would be much harder to “lock” and should there-
fore be relatively unaffected. Figure 11 provides one
such example. This subhalo is tumbling rapidly and in
the opposite direction to its orbit due to a close en-
counter with another subhalo before P1. As a result,
the tide is unable to operate effectively and the sub-
halo shows no obvious alignment, neither in θ nor in
α, during its subsequent orbit. Animations of the evo-
lution of this and other subhaloes may be found at
https://sites.google.com/site/barber2014movies/.
5.3 Application to M31 and its satellites
The discussion of the previous section has potentially in-
teresting observational consequences. It implies, for ex-
ample, that a significant alignment between the position
angle of satellites and the radial direction to their host
might be detectable observationally. If such an alignment
is detected, then it would be a clear indication that the
satellite population has completed a number of orbits
and that it has been substantially affected by tides. The
discussion below assumes that the stellar component of
dwarf spheroidals shares the same orientation as that of
c© 2014 RAS, MNRAS 000, 1–16
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Figure 10. Distribution of the cosine of the angle between the major axis measured at 800 pc and the radial direction for
subhaloes included in Figure 8, at various orbital phases. Pn and An correspond to pericentres and apocentres, respectively, with
the number n indicating 1st, 2nd, etc, as in Figure 9. The number of subhaloes, the average fraction of mass that remains bound
to each subhalo, and the probability that the sample is drawn from a uniform distribution are indicated in each panel.
their surrounding subhaloes (see, e.g., van Uitert et al.
2012, for a recent discussion).
In our own Galaxy, our vantage point precludes
detection of a radial alignment for the MW dSphs,
since measuring their radial extent along our line-of-sight
(which almost coincides with the radial direction from
the Galactic Centre) is extremely difficult. Thus, alter-
natively, we apply our results to the satellite population
of our nearest large neighbour, the Andromeda galaxy. In
Figure 12 we show the orientation of each satellite relative
to M31, using short black lines to indicate the projected
position angles from the compilation of McConnachie
(2012, see Figure 12 for references).
In order to compare with our simulations we com-
pute the alignment expected in projection for a popu-
lation of satellites that, according to our semi-analytic
model, are brighter than MV = −6, the faintest M31
dwarf for which relevant data are available. Our proce-
dure selects for each subhalo all particles within an el-
lipsoidal volume equivalent to that of a sphere of radius
800 pc and uses their projected positions to define princi-
pal axes in projection by diagonalizing the corresponding
2D inertia tensor. The result of this exercise (combining
c© 2014 RAS, MNRAS 000, 1–16
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Figure 11. As Figure 9 but for a subhalo whose figure rotation is in the opposite sense to its orbit and that does not align with
the radial direction.
three independent projections of each Aquarius halo) is
shown in Figure 13, where the red crosses indicate the dis-
tribution of φ, the (acute) angle between the projected
major axis of a subhalo and the radial direction. The ra-
dial alignment discussed in the previous subsections is
clearly seen here as an excess of galaxies with low values
of φ.
Interestingly, the M31 data also show an excess of
aligned satellites (black circles in Figure 13), not unlike
what we see in the Aquarius haloes. Although the number
of satellites is small, a KS test returns pKS = 0.014 when
compared with a uniform (isotropic) φ-distribution. In an
attempt to improve our statistics, we have obtained new
position angle measurements from Martin et al. (2015,
in preparation). These measurements are shown as green
lines in Figure 12. When we include these new data (using
only the most recent measurement for each satellite), the
significance of the excess decreases slightly (pKS = 0.035).
Overall, these results provide suggestive (but not
conclusive) evidence for significant radial alignment, sug-
gesting that the tidal alignment mechanism discussed in
the previous section might have played a role in shap-
ing the orientation of M31 satellites. If true, this implies
that the majority of M31 satellites have already com-
pleted at least one orbit around M31, placing constraints
on models that ascribe the highly anisotropic spatial dis-
tribution of M31 satellites, such as the “thin rotating
plane” of Ibata et al. (2013), to a recent episode of accre-
tion. On this point, we note that position angle estimates
are highly uncertain for a number of recently discovered
M31 satellites, including several on the aforementioned
“plane” (see Figure 12), so the significance of this result
could in principle be strengthened in the near future as
new data is collected. We are planning to extend this
kind of analysis to the satellite systems of other nearby
galaxies in a future contribution.
6 SUMMARY AND CONCLUSIONS
We have used the N-body simulation suite of the Aquar-
ius Project to investigate the effect of the tidal forces
exerted by a Milky Way-sized dark matter halo on the
shape and orientation of its substructure. We focus on
subhaloes likely to contain classical (MV < −8) dwarf
spheroidal galaxies according to a semi-analytic model
of galaxy formation. We find that the isopotentials are
very well fit by triaxial ellipsoids whose shapes can be
determined accurately (to better than 5%) down to a
convergence radius r
[0.1]
conv ≈ 160 pc for level-2 resolution
Aquarius haloes. The excellent numerical resolution thus
allows us to probe the dark matter potential in these sys-
tems down to the typical radii of the luminous component
of dSph galaxies.
We find, in agreement with prior work, that the po-
tential of isolated haloes is quite triaxial near the cen-
tre and becomes gradually more spherical with increas-
ing radius. The asphericity of the potential is significant,
reaching b/a ∼ 0.8 and c/a ∼ 0.75 near the centre, and
should be taken into account when modeling the stellar
kinematics of isolated dSphs. Tidal stripping, however,
reduces substantially the triaxiality of subhaloes: systems
that have lost more than 90% of their original mass are
essentially spherical.
This result may be used to test the validity of our
semi-analytic model, which predicts that luminous dSphs
with relatively low dark matter content (such as For-
nax and Sculptor) should be heavily stripped, and hence
nearly spherical. On the other hand, faint dark matter-
dominated dwarfs such as Draco and Carina are predicted
to inhabit systems less affected by tides, and hence more
triaxial. Constraints on the shape of the gravitational
potential in these dSphs, such as those that might be
enabled by precise 3D stellar kinematics, may thus be
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turned into useful constraints of their tidal evolution and
of the semi-analytic model on which our predictions are
based.
Regarding the orientation of subhaloes, we confirm
the alignment between the major axis and the radial di-
rection reported in earlier work and find that it holds even
when considering the innermost regions of subhaloes,
where the stellar component of dSph galaxies resides.
Our analysis suggests that the alignment is caused by
tidal torques, which tend to “lock” the figure rotation
of a subhalo to its orbital period, so that at apocentre
(where subhaloes spend most of their time) the major
axis points in the radial direction.
Since the alignment takes some time to develop (it
becomes significant only after second apocentric passage)
its detection in a satellite population may be taken as
persuasive evidence that such population has completed
a number of orbits and that tidal forces have likely played
an important role in its evolution. We report preliminary
evidence that the satellite population of M31 is indeed
radially aligned, a result that, if confirmed, would have
important implications for the modeling of the assem-
bly history of the Andromeda galaxy and its satellites. If
such alignment were present in our own Galaxy, it should
also have interesting implications for the modeling of the
internal kinematics of the MW’s satellites.
Our results seem at face value somewhat counterin-
tuitive, for Galactic tides are often thought to stretch
satellites tangentially and to enhance their aspheric-
ity. This stage, however, is short lived and confined to
pericentric passages, where the tides are strongest. The
bound remnants are expected to settle into equilibrium
quickly afterwards. Our analysis provides compelling ev-
idence that, as tides operate, the remnant becomes pro-
gressively more spherical and better aligned with the ra-
dial direction. The shape and alignment of a satellite pop-
ulation may thus be used to gauge the importance of tidal
effects on its evolution.
Our analysis can be extended and improved in sev-
eral ways. One would be to identify the dynamical mech-
anism that leads to the sphericalization of systems af-
fected by tides, which we present here merely as an em-
pirical result. Another would be to explore whether satel-
lite alignments may be used to improve the reliability
of algorithms that search for primary-satellite associa-
tions, especially when applied to large datasets like the
c© 2014 RAS, MNRAS 000, 1–16
Shapes and orientations of satellite haloes 15
0 20 40 60 80
φ (degrees)
0.000
0.005
0.010
0.015
0.020
0.025
0.030
N
or
m
al
iz
ed
 F
re
qu
en
cy
M31
Aquarius
pKS, M31 = 0.014
pKS, Aq = 5.8e−8
Figure 13. Distribution of the angle between the pro-
jected major axis and radial direction for Aquarius subhaloes
brighter than MV = −6 (red crosses) and for M31 satellites
(black circles). Note that the radial alignment is also notice-
able in projection as an excess of systems with low values
of φ relative to uniform. Both Aquarius subhaloes and M31
satellites seem to show similar alignment. Error bars indicate
Poisson noise. The KS probability of each sample compared
to uniform is listed in the legend.
SDSS (see, e.g., Wang et al. 2012; Sales et al. 2013). Fi-
nally, it is important to investigate to what extent these
results change when accounting properly for the effects
of baryons, a task that must await the advent of real-
istic cosmological hydrodynamical simulations that can
resolve the luminous regions of satellite galaxies in their
proper cosmological context. All of these goals seem at-
tainable in the near future.
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